Specimen-size dependence of M b temperatures (burst-type martensite transformation temperatures) was measured on many small spherical specimens of 1.5 mol%Y 2 O 3 -ZrO 2 ranging from 100 to 1000 mm diameter. With decreasing size, both reductions of the average M b temperature and a significant increase in the scatter in M b temperatures were observed. These data were used to deduce the density and distribution of the potential nucleation sites (embryos) by comparing with simulated M b temperatures assuming randomly distributed embryos with various densities and potentials. Adjusting the parameters specifying the density and potentials so that the simulated result fit the observed data, the following characteristics were deduced for the embryos: 1) effective embryos are more likely to reside on the surface of a specimen rather than through the volume; 2) even the most unstable embryo requires under-cooling of more than 650 K from the equilibrium phase temperature; 3) the density of embryos increased nearly linearly with decreasing nucleation temperature; 4) the density of effective embryos with nucleation temperature above 77 K is approximately 32/mm 2 .
Introduction
Martensite nucleation is generally accepted to occur at some kind of structural defects. In reference to potential nucleation sites, such defects are often referred to as embryos. The most direct consequence of such heterogeneous nucleation is the size dependence of martensite transformation temperature. Cech and Turnbull 1) used FeNi alloy shots and demonstrated that the fraction of transformed particles at given temperatures decreased with decreasing particle size. From the experimental results they suggested that strain sites caused by extraneous heterogeneities or structure imperfections are probable nucleation sites for martensite. More recently, Heuer et al.
2) demonstrated a similar trend in the stability of the tetragonal structure of ZrO 2 against the monoclinic structure using ZrO 2 particles embedded in alumina or magnesia-doped cubic ZrO 2 . The authors also showed that intra-granular tetragonal particles were more stable against the transformation than intergranular particles. Chen et al. 3) analyzed the data obtained by Cech and Turnbull 1) and Heuer et al. 2) in terms of Weibull statistics. They suggested that pile-ups of dislocation-like defects were probable nucleation sites.
In addition to the above-cited three papers, there are several works dealing with nucleation sites for both metallic and ceramic martensite, where varieties of structural defects such as dislocations, stacking faults, grain boundaries, precipitates, etc. are suggested as nucleation sites. Despite the clear size dependence of martensite nucleation as well as grain-size dependence, the structure of a defect at nucleating sites is still disputable. In fact, the type of defects can be different depending on the materials studied and the processing condition such as heat treatment and pre-straining, etc.
Apart from the actual structure, there is other basic information regarding the nature of embryos, namely the density and potency distribution of embryos. Such information would be useful not only for controlling the transformation temperature but also for deducing the actual structure of embryos. Despite the importance of such information, no report has been found in the literature. An attempt to do so is made for the first time in this paper. The basic idea is briefly explained below.
We assume that there are a number of embryos having different potentials for nucleation or different nucleation temperatures in a specimen. When a specimen undergoes a burst-like transformation during a continuous cooling, we can well assume that the most potent embryo among the embryos contained in the specimen has nucleated, followed by an auto-catalytic nucleation and growth of many other martensite plates. Since these events take place in an instance, they constitute a burst-type transformation. As the specimen size decreases, the number of embryos also decreases proportionally to the volume or the surface area of a specimen depending on whether the embryos reside through the volume or on the surface.
A reduction in the number of embryos has been often considered to result in a reduction of M b temperatures. (In this paper, M b is used for martensite start temperature instead of the more popular M s since we are dealing with burst-type martensitic transformation.) However, as long as a constant density of embryos is assumed in the volume or on the surface, even a small particle has a finite probability of finding an embryo as potent as one contained in a bulk specimen. Furthermore, since the number of embryos decreases with the reduction of specimen size, the statistical variation of M b temperatures becomes large owing to the sparsity of embryos. Accordingly, with a decreasing size of specimens, it can be expected that the variance of measured M b temperatures will become large but the upper limit of the scatter will remain nearly constant resulting in a reduction in the average M b temperatures, provided that the measurements were made on a sufficient number of specimens.
The purpose of the present study is to exploit these characteristics and deduce the density and potency distribution of embryos in the material by making a statistical comparison between the measured and simulated M b 's.
Experimental Procedures

Material selection
The present experiment requires (i) an accurate measurement of the transformation temperatures of an individual small specimen with a well-defined size and (ii) an efficient method of measurement so that a large number of measurements can be made within a reasonable time. Material which undergoes a burst-type transformation is preferred because of the sudden event defining a precise transformation temperature. The tetragonal phase of ZrO 2 with limited stabilizer can be metastably retained at room temperature by rapid quenching and made to undergo a burst transformation into the stable monoclinic phase by subzero cooling. 4, 5) Effective quenching is possible only with a small specimen because the low thermal conductivity of the material inhibits rapid cooling of a larger specimen. Because of the large degree of super-cooling below the equilibrium temperature T 0 , the energy released at the burst is very large, so that a specimen of a sub-millimeter size physically ''pops'' in the specimen holder upon transformation and such an instant can be visually perceived. In fact, during a cooling experiment, a particle was found to burst only once whereby nearly 80% of the tetragonal phase transformed to the monoclinic phase and this increased only a little as a result of further cooling to liquid nitrogen temperature. A large and perceivable burst enabled us to measure the M b temperature of an individual specimen with the accuracy of a temperature measurement of the specimen holder.
The average transformation temperature can be controlled by the amount of the Y 2 O 3 dopant and sintering temperature. In the present experiment, composition and sintering temperature were fixed to ZrO 2 -1.5 mol%Y 2 O 3 and 1723 K, respectively.
Preparation of small spherical specimens
In order to detect size dependence of M b temperature, the specimen size needs to be sufficiently small. For example, Cech and Turnbull 1) used Fe-Ni steel shots of between $37 and 100 mm diameter and Heuer et al.
2) used ZrO 2 precipitates below 1 mm. Our preliminary experiment showed that sizes between 100 mm and 1 mm were small enough to study the size dependence of M b of our material. A number of different methods were tried before we finally succeeded in producing dense spherical specimens of the required range of size. Powders of ZrO 2 (TZ-0, Tohso) and ZrO 2 -3 mol%Y 2 O 3 (TZ-3Y, Tohso, Japan) were weighed in proper portions to obtain a 100 g ZrO 2 -1.5 mol%Y 2 O 3 and they were thoroughly mixed through ball milling with 3 mm zirconia balls and ethanol in a polyethylene pot for 100 h. After drying, the mixed powders were uniaxially pressed into a disk of 19 Â $1 mm thick in steel dies under 20 MPa. The disk was diced by a knife edge into cubes of between 0.5 and 1.3 mm, depending on the size of beads to be prepared. These cubes were spheroidized by a handmade granulator similar to that described in the literature. 6) Since the diced cubes were soft, they were quickly spheroidized and reduced in size in the granulator. When the size became appropriate, the beads were taken out of the granulator and lightly sintered at 973 K for 1 h in a platinum crucible. The beads were placed in the granulator again and subjected to final spheroidization. Intermediate sintering was necessary to obtain beads of high sphericity and smooth surface. These beads were finally sintered at 1773 K for 2 h in a platinum crucible and quenched from 1273 K by dipping the bottom of the platinum crucible in iced water.
SEM pictures of a few spherical specimens are presented in Fig. 1 , where good sphericity and a smooth surface are revealed. The microstructure of a polished and thermally etched cross-section of a sphere is shown in Fig. 2 . It shows densely packed grains with no extraneous defects. The wrinkles observed in some grains are the terraces resulting from preferential thermal etching for certain surface orientations. The average grain size was determined to be 0.6 mm using the linear intercept method.
Measurement of the transformation temperature
A simple and efficient method of M b measurement of many specimens was developed for the present experiment. A square array of twenty-five shallow holes, 0:3 mm or 1:2 mm diameter, were machined on a platinum plate of 10 mm square and 1.5 mm thick. After placing specimens, one in each hole, and placing a thin microscope cover-glass on the plate to avoid specimens popping out of the hole, the plate was placed in a cooling unit and continuously cooled to liquid nitrogen temperature under an optical microscope. By simultaneous video-recording of the specimens and monitoring the temperature of the plate during subzero cooling, we were able to measure the M b temperature of each specimen as the temperature of the plate when the specimen trembled upon burst transformation. In this way we were able to measure the M b temperatures of as many as 25 specimens within 0.1 C accuracy in a single cooling experiment, with the size of each specimen being measured under the measuring microscope within 10 mm accuracy before the cooling experiment. Repeating such measurements several times allowed us to accumulate sufficient data for the subsequent statistical comparisons with simulated data.
Simulation of M b temperatures
M b temperatures of a given size of specimens were simulated by distributing embryos of various potentials in each specimen. Here, the potential of an embryo was represented by its nucleation temperature. Once embryos of various nucleation temperatures were distributed in a particle, the transformation temperature of the specimen could be determined by the highest nucleation temperature of the embryos contained in the particle. Although we did not know exactly how the nucleating temperatures were distributed, they were expected to follow a relatively simple increasing function with increasing under-cooling from a fixed temperature, T max . We adopted the following distribution functions with n ¼ 1, 2, 3, and 4:
These functions are illustrated in Fig. 3 . The function with n ¼ 1 was included as a limiting case where the embryos' densities were uniform against the nucleation temperature. The desired number of embryos, with various nucleating temperatures in accordance with the different distribution functions given by eq. (1), were generated by successively substituting a random number between 0 and 1 for x in the following equation.
Then, the M b temperature of each specimen was determined as the highest nucleation temperature of the contained embryos. When this process was repeated, different M b temperatures were generated for different specimens even if the specimens' sizes were the same because the use of random numbers would generate a different set of nucleating temperatures. Since the distribution of M b temperatures is a reflection of the embryos' distribution, which is characterized by the number of embryos, N, shape parameter of distribution function, n, and the highest nucleation temperature, T max , these parameters can be deduced by fitting the distribution of simulated M b temperatures to those observed. Figure 4 shows the M b temperatures of small spheres ranging from 100 to 1000 mm. It is seen that M b temperatures were nearly constant for particles larger than 600 mm. However, as the particle size became smaller, the scatter of M b temperature became larger, while the upper limit of the Fig. 4 , one may notice a slight increase of the upper limit of M b with decreasing particles size. However, this inverse dependence cannot be accounted for by the present model, where a number of embryos decrease with decreasing particle size. Thus, if the inverse dependence is real, it must be due to a secondary effect of particle-size refinement. In the end, since the inverse dependence was weak, we decided to ignore the secondary effect at this moment even if it was real. Since the data in Fig. 4 were qualitatively consistent with the present model, we proceeded to estimate the distribution of embryos from the observed data.
Results
Comparisons were made at three different sizes of specimens, namely 150, 400 and 900 mm diameters. Thus, the M b temperatures of the specimens with sizes within 10% of the three selected sizes were extracted and treated as representing the M b temperatures of the respective selected sizes.
For each n, T max and N were adjusted so that the average and variance of the simulated transformation temperatures fit the corresponding values of the experimental results for 400 mm size. Denoting N for 150, 400, and 900 mm specimens by N 150 , N 400 , and N 900 , respectively, N 150 and N 900 were deduced from N 400 assuming that they were proportional to either the volume or surface of particles. For each specimen of a given size (150 or 900 mm), embryos were generated as many as N 150 or N 900 and the M b temperature was determined as the highest nucleation temperature of the embryos. The calculation was repeated as many times as the number of experimental data for each representative size.
Results of simulation for n ¼ 1, 2, 3, and 4 are plotted in Figs. 5(a)-(d) for volume-scaled embryos and 5(e)-(h) for surface-scaled embryos. For all figures, the simulated and experimental results are plotted side by side for 150, 400, and 900 mm size specimens. Agreement was always good for 400 mm, because T max and N 400 were so determined. Thus, we examined the agreement for the 150 and 900 mm size specimens. Firstly, we examined the simulated result obtained for volume scaled embryos (Figs. 5(a)-(d) ). For n ¼ 1, both variance and average were significantly different from those of the experimental data for 150 mm. Furthermore, the variance of 900 mm was much smaller than the experimental data. Thus the overall agreement was poor. A similar comparison for n ¼ 2{4 revealed that the best overall agreement was obtained for n ¼ 3. However, variance of the simulated data for 900 mm was still considerably larger than the experimental data. Furthermore, the averages of simulated data for 150 mm and 900 mm were somewhat different from those of the experimental data.
Next, we examined the simulated results obtained for surface-scaled embryos (Figs. 5(e)-(h) ). Examination of the overall agreement along the same line as previously revealed that the best agreement was obtained for n ¼ 2, where the variance for 150 and 900 mm were almost the same as those of the experimental data. The averages for these two sizes were only slightly different from the corresponding experimental data. If the possible secondary effect yielding a small inverse dependence on the specimen size as mentioned earlier had been taken into account, the overall agreement would have become even better.
Summarizing this section, the best fit was obtained for the embryos distributed on the surface of a specimen in such a way that the density increased linearly with deceasing temperature below T max (184 K). The total number of embryos with nucleation temperature below T max was 47 (N 400 ) for a particle of 400 mm size.
Discussion
One of the popular explanations for the size effect on martensitic transformation is based on the end point thermodynamic where the relative magnitude of the Gibbs free energy of the parent and product phases is used as the criteria for the phase transformation. [7] [8] [9] [10] Although such an approach seems successful for nano-size particles, where the contribution of the surface energy is significant, it would not be applicable to particles of the size used in the present study. In another approach, one or other types of defects, such as dislocations and their pile-ups at grain boundaries, 3, 11) stress concentrations at inclusions or pores, 12) and stress concentrations at grain boundaries or triple points due to anisotropic thermal expansion, 2, 13, 14) etc. are considered to act as embryos of the martensite nucleus. The present study was conducted along this line. Although a direct identification of the type of defects acting as embryos is quite difficult, determination of embryo distribution seemed to be useful in deducing the nature of embryos.
The comparison between the measured data and the simulated results was conducted for both cases where embryos reside through the volume and on the surface with three parameters; i.e. 1) the transformation temperature of the most unstable embryo in the bulk specimen, T max ; 2) the shape parameter of the embryo distribution function, n; and 3) the density of embryos, N. The comparison between the respective best fits for the volume and surface-scaled embryo distributions suggested a significantly better fit for the latter. Other parameters determined from the surface-scaled best fit were T max ¼ 184 K, n ¼ 2, and N 400 ¼ 47/surface area of a 400 mm diameter sphere. Accordingly N 150 ¼ 7 and N 900 ¼ 237 for the surface area of a 150 mm and 900 mm diameter sphere, respectively.
T max ¼ 184 K suggests that there is no embryo which would be nucleated above this temperature regardless of the specimen size. The equilibrium temperature was conveniently determined by the average of the forward and reverse transformation temperatures. The forward transformation of yttria-doped zirconia depends on the cooling rate. When a specimen of the same composition as the present specimen was cooled at a moderate speed, the M s was measured as 723 K.
5) When a specimen was rapidly cooled, the high temperature tetragonal phase is metastably brought to room temperature and transforms at around 180 K by subzero cooling, as reported in the present paper. The former transformation is considered to take place in a thermally activated process, while the latter in an athermal process. The resulting monoclinic phases were essentially the same and the reverse transformations also took place at the same temperature of 953 K. Thus we consider that the equilibrium temperature of the tetragonal and monoclinic phases is more likely to be the average of M s and A s , i.e. 838 K, rather than the average of M b and A s , i.e. 567 K. In either case, however, the degree of super-cooling to the burst transformation was extremely large, much larger than for an Fe-Ni alloy exhibiting a typical burst transformation. The large super-cooling, which corresponds to the large driving force, seems to be in accordance with an extremely large burst in which more than 80% of the parent phase transforms into the martensite.
The second fitting parameter n ¼ 2, suggests that the density of embryos increases linearly with decreasing transformation temperature. This is certainly more realistic than the uniform distribution as represented by the step function 
where embryos are assumed to reside on the surface. In each case, T max and N 400 were optimized so that the average and scatter of M b 's for 400 mm specimens agree with the corresponding measured data.
with n ¼ 1 in Fig. 3 . However, the density dependence on the nucleation temperature is not as drastic as represented by the functional forms with n ¼ 3 or higher. It should be noted that the obtained shape of the distribution function has significance only within the range of temperature in which the measurements have been carried out, namely between T max and liquid nitrogen temperature. The shape of the distribution function below this temperature cannot be sensibly deduced from the present data. Although only integral numbers have been tested for n, it seems sufficient to describe the approximate shape of the distribution function of embryos above liquid nitrogen temperature. The number of embryos, N 400 , was determined to be 47 on the surface of a sphere with 400 mm diameter, which resulted in a density of embryos of 93/mm 2 . These numbers include embryos with transformation temperature between T max and 0 K. However, we are more interested in the number of embryos which transform at reasonably high temperatures, say above liquid nitrogen temperature. Considering the shape of distribution function with n ¼ 2 in Fig. 3 , the density of effective embryos, which transform above 77 K, is 32/mm 2 . When an average grain area on the surface is approximated as a circle of 0.5 mm diameter, the density corresponds to one embryo/1:6 Â 10 5 grains. The density appears to be much lower than a normal dislocation density of this material. Thus, a single dislocation is unlikely to act as an embryo. However, piled up dislocations or peculiar arrangements of a few dislocations may be potential candidates. A triple point of grain boundaries with concentrated stress due to thermal contraction anisotropy accumulated after cooling from the sintering temperature may also be a possible candidate, as long as the distribution of such points meets presently deduced distribution.
When a specimen of the same composition is heated at around 500 K, the specimen undergoes isothermal transformation. Although this transformation also occurs by heterogeneous nucleation, nucleation sites appear to be much more abundant. This does not necessarily mean that the nature of embryos are different for athermal and isothermal martensites, but seems to suggest that the driving force attained by cooling can nucleate only highly unstable embryos, while a thermal activation process can nucleate much more stable embryos.
Finally, the present statistical analysis appears to be fully legitimate as long as the scattering of the observed M b temperatures was purely a result of a decreasing number of embryos in a specimen. However, as pointed out in Fig. 4 , a slight increasing tendency was observed in the highest M b temperatures with decreasing particle size, which cannot be explained by the reduction in the number of embryos with decreasing particle size. Although the phenomenon was small and consequently ignored, there may be other factors contributing to the scattering of M b temperatures. Although such factors may influence the present quantitative results, modification is expected to be minor, because all the specimens were prepared in identical procedures, and thus they were identical except for the size. Thus, the results obtained in this paper appear to have reasonable accuracy.
Conclusions
Burst temperatures were measured for a large number of spherical specimens of sizes in a range between 100 and 1000 mm diameter. The M b temperature exhibited clear size dependence; not only a reduction of the average, but also a significant increase in the variance were observed with decreasing size of specimen. These observations were consistent with the decreasing number of embryos with the specimen size. A comparison with simulated M b 's with measured data for three representative specimen sizes resulted in the following characteristics on the distribution of potential embryos: 1) active embryos were located on the surface of a specimen; 2) the nucleation temperature of the most potent embryos of the present bulk material (1.5 mol%Y 2 O 3 -ZrO 2 with grain size 0.6 mm) were about 184 K, suggesting an extremely large under-cooling required for the nucleation below the equilibrium temperature (T 0 ¼ 838 K); 3) the density of embryos increased roughly linearly with decreasing nucleation temperature below T max (¼ 184 K); and 4) the density of effective embryos, i.e. embryos of which transformation temperatures were above 77 K, was estimated to be 32/mm 2 . The much lower density than those estimated for the isothermal martensitic transformation of similar material seems to suggest that a thermal activation process has a considerably higher effect for the nucleation than the driving force attained by cooling.
